Over the past decade, the genetics of external genital development have begun to be understood. Male and female external genitalia develop from the genital tubercle. The early tubercle has a superficial resemblance to the limb bud, but an important distinction is that the limb consists of only mesoderm and ectoderm, whereas the genital tubercle also has an endodermal component, the urethral epithelium. Urethral epithelium, which expresses Sonic hedgehog, acts as a signaling region that controls outgrowth and pattern formation, and ultimately differentiates into the urethral tube. While there are intriguing parallels between limb and genital development, recent studies have identified some key differences, including the role of Fgf signaling. Our understanding of the mechanisms of genital development still lags far behind the limb, and major questions remain to be answered, including the molecular nature of the signals that initiate genital budding, sustain outgrowth, induce tissue polarity and orchestrate urethral tubulogenesis.
INTRODUCTION
Limb development has been a powerful system for identifying the mechanisms that construct complex appendages. Different types of outgrowths use the same fundamental genetic programs to initiate budding, polarize tissues in three dimensions, and coordinate these processes with proximodistal outgrowth. Application of the limb model has been particularly useful for studies of external genital development. The genital tubercle is the embryonic precursor of the penis and clitoris, and much of its early development (through approximately embryonic day [E] 15 in the mouse) is indistinguishable between males and females. Building external genitalia requires that the embryo solve many of the same problems it faces during limb formation, including specification of a field of competence, induction of budding (the genital swellings), maintenance of outgrowth (the genital tubercle) and coordination of outgrowth with dorsoventral and proximodistal patterning of the tissues (Fig. 1) . Surgical manipulations of the genital tubercle identified cell populations with functions that appear to be analogous to the apical ectodermal ridge (AER) and zone of polarizing activity (ZPA). Moreover, comparisons of some of the initial gene expression patterns of Hox genes, Fgfs, and Sonic hedgehog suggested that these parallels extend to the molecular level, which led to the hypothesis that the genital tubercle may be, in essence, a limb bud that develops in a different context. However, as functional studies have progressed in the area of external genital development, the parallels with the limb have been shown to be less extensive than initially thought. Below, I discuss recent progress in the molecular mechanisms of external genital development and address the similarities and differences with the vertebrate limb bud.
INITIATION OF EXTERNAL GENITAL BUDDING
Although the genital tubercle resembles a limb bud at early stages of development, it originates as a pair of buds, the genital swellings, on either side of the cloacal membrane (Perriton et al., 2002) . These swellings are first detected in the mouse at embryonic day (E) 10.5, and by E11.5 the paired swellings have merged to form a single genital tubercle. Whereas the limb bud is composed of mesoderm contained within a jacket of surface ectoderm, the genital tubercle is derived from all three germ layers. The bulk of the tubercle is composed of mesoderm surrounded by ectoderm, like the limb, however, the genital tubercle also contains an extension of the cloacal endoderm, which forms the urethral plate epithelium ( Fig. 2A,C) . This endoderm extends ventral to the urogenital sinus as an open tube that closes distally to form a bilaminar urethral plate within the genital tubercle (Fig. 2C) . It was previously thought that the urethral plate endoderm gave rise to the proximal part of the penile urethra, and that surface ectoderm at the tip of the tubercle invaginated to form the urethra of the glans (Larson, 2001) . However, recent fate mapping studies overturned this idea by showing that the entire penile urethra is derived from the endodermal urethral plate (Seifert et al., 2008) .
Although good progress has been made identifying the molecules involved in the initiation of limb budding, the initiation of genital outgrowth is not well understood. At the time of this writing, the only reported examples of mutants that fail to initiate genital budding are the subset of Wnt5a mutants, in which the urorectal septum endoderm fails to contact the cloacal ectoderm (Seifert et al., 2009b) . This suggested that an interaction between endoderm and ectoderm at the cloacal membrane may be an important step in induction of budding. Wnt5a mutants have a variably penetrant phenotype, which has complicated its use as a model study early genital development (see below), but the correlation between absence of genital budding and failure to form a cloacal membrane (endodermal and ectodermal components) is intriguing and warrants further investigation.
The first gene found to be involved in genital outgrowth was Hoxd13, which is expressed both in the genital tubercle and the autopod (digit forming region) of the limb (Dolle et al., 1991) . Hoxd13 expression in these two positions is controlled by the same enhancer element within a global control region (GCR), approximately 160 kb from the Hoxd13 locus (Spitz et al., 2003) . The paralogous Hoxa13 gene is also co-expressed in the autopod and genital tubercle, and homozygous null mutants for either Hoxd13 or Hoxa13 have patterning defects of the external genitalia and limbs (described below), while Hoxa13;Hoxd13 double knockouts lack external genitalia and autopodia altogether (Kondo et al., 1997; Warot et al., 1997) . Careful examination of these mutants at initiation stages needs to be done to determine whether Hox13 genes are required for the earliest phase of genital outgrowth.
Fgf signaling initiates limb budding, and Fgf10 is both necessary and sufficient for induction of complete limbs (Cohn et al., 1995; Min et al., 1998) . The T-box transcription factor Tbx5 directly regulates expression of Fgf10 at the forelimb level (Agarwal et al., 2003) . Tbx5 (as well as Tbx2, Tbx3, and Tbx4) expression has been described in the genitalia (Chapman et al., 1996) , however the roles of these T-box genes in genital development have not been reported. In the genitalia, Fgf10 is involved in urethral tube closure but is not required for outgrowth (Haraguchi et al., 2000; Petiot et al., 2005) . Thus, while there are similarities in expression patterns of many genes between limb buds and genital tubercles, it appears that different molecular mechanisms are involved in the initiation of budding in these two organs.
In chick embryos, Wnt2b and Wnt8c are expressed in the presumptive limb fields and, like Fgfs, are sufficient to initiate limb bud formation (Ng et al., 2002) , although studies of mouse embryos failed to detect either of these genes during limb initiation (Agarwal et al., 2003) . During initiation of external genital budding, canonical Wnt signaling is active, which raised the possibility that the genital initiation factor could be a Wnt protein. Conditional deletion of b-catenin results in absence of external genitalia (Lin et al., 2009) ; however, initial budding of the paired genital swellings occurs in b-catenin mutants (L. Ma, personal communication). Sonic hedgehog (Shh) is expressed in the cloacal endoderm before the onset of budding and, although Shh knockouts fail to develop a genital tubercle, they do form the initial paired genital swellings (Haraguchi et al., 2001; Perriton et al., 2002) . Although neither Hedgehog nor b-catenin signaling is required for initiation of genital outgrowth, both are necessary for sustained outgrowth and formation of a tubercle (Lin et al., 2008; see below) . Thus, the nature of the signal that initiates outgrowth of the genital tubercle is unknown at present. 
MAINTENANCE OF GENITAL TUBERCLE OUTGROWTH: THE ROLE OF URETHRAL EPITHELIUM
Twenty-five years ago, it was shown that proximodistal development of the external genitalia is dependent on the epithelial component of the genital tubercle. Removal of the epithelium from rat genital tubercles resulted in stage-dependent truncation of the baculum (penian bone) and erectile tissues (Murakami and Mizuno, 1986) . Although these manipulations were done at relatively late stages of outgrowth, the observation was reminiscent of the permissive role of the apical ectodermal ridge in the limb bud and suggested that conserved mechanisms could be responsible for maintenance of outgrowth of both structures.
Fgf8 Is Not Involved in Genital Outgrowth
More recently, it was shown that Fgf8 is expressed in the distal tip of the urethral epithelium in a pattern that bears a striking resemblance to its expression in the AER at the distal tip of the limb bud (Haraguchi et al., 2000; Perriton et al., 2002) . Surprisingly, genetic deletion of Fgf8 in the genital tubercle has no effect on external genital development (Seifert et al., 2009b) . Indeed, analysis of Fgf8 target genes and the distribution of Fgf8 protein showed that Fgf8 is not even translated in the urethral epithelium (Seifert et al., 2009b) . Although previous in vitro experiments had suggested a role for Fgf8 in the genital tubercle (Haraguchi et al., 2001) , genetic studies in vivo showed that Fgf8 is not involved in genital development (Seifert et al., 2009b) . Additionally, the other AERassociated Fgfs either are not expressed at any stage of genital development (Fgf4, Fgf17) or are not detectable during the initiation of genital outgrowth (Fgf9) (A. Seifert, M. Gredler, and M. J. Cohn, unpublished data) . These findings highlight a key difference in the role of Fgf signaling between limbs and genitalia.
Wnt Signaling
Wnt genes are good candidates for the proximodistal outgrowth signal, and Wnt2, Wnt3, Wnt4, Wnt5a, Wnt9b, and Wnt11 are expressed by E11.5, 1 day after initiation of budding (Lin et al., 2008) . Conditional deletion of b-catenin in endodermal cells (using Shh GfpCre ) results in failure to progress beyond the initiation of genital swellings (Lin et al., 2008) . Removal of b-catenin activity results in diminished expression of a suite of genes, including Shh (described below), which led Lin et al to conclude that canonical Wnt signaling is essential for genital tubercle outgrowth (Lin et al., 2008) . It should be noted that Wnt proteins are not the only factors that signal through b-catenin and, therefore, experimental modulation of b-catenin does not necessarily implicate Wnts in external genital development. Nonetheless, the role of Wnt/bcatenin is supported by two additional discoveries; (1) deletion of Lrp6, a coreceptor for canonical Wnt/b-catenin signaling, results in agenesis of external genitalia (Zhou et al., 2010) , and (2) Dkk1, a negative regulator of canonical Wnt signaling, is expressed in the distal urethral epithelium and contains noncoding elements that can drive reporter gene expression in the genital tubercle (Lieven et al., 2010) .
The role of noncanonical Wnt signaling in external genital development is less clear. Wnt5a was initially thought to be essential for genital tubercle outgrowth, however the penetrance of Wnt5a null allele is variable, and null mutants have been recovered with phenotypes ranging from rudimentary genital swellings to complete genital tubercles (Yamaguchi et al., 1999; Seifert et al., 2009b) . Consistent with Wnt5a playing a role is the discovery that inactivation of Ror2, a Wnt5a receptor that mediates noncanonical Wnt signaling, results in underdevelopment of the external genitalia (Schwabe et al., 2004) . Wnt11, which encodes another noncanonical Wnt signal, is expressed at the appropriate stages in external genital development to play a role in outgrowth, but its function is unknown (Lin et al., 2008) .
Dynamic Role of Sonic Hedgehog in Outgrowth and Patterning
Before the onset of genital outgrowth, Shh is expressed in the cloacal epithelium, which gives rise to the urethral epithelium, and expression persists in urethral cells during the outgrowth period (Haraguchi et al., 2001; Perriton et al., 2002; Seifert et al., 2008) . Although Shh mutant embryos do form the initial paired genital swellings, these buds arrest immediately after initiation and fail to give rise to a genital tubercle, which implicates Shh as having an essential role in the maintenance of genital outgrowth (Perriton et al., 2002) . The Shh null phenotype can be partially rescued by over-expression of b-catenin in urethral epithelial cells, indicating that, although b-catenin signaling maintains expression of Shh in these cells, it can also promote limited outgrowth in the absence of Shh (Lin et al., 2009) .
Conditional removal of Shh at different stages of genital tubercle development has provided a detailed picture of Shh function at daily intervals, from the initiation of budding through to stages of sexual differentiation (Lin et al., 2009; Miyagawa et al., 2009a; Seifert et al., 2009a) . Shh regulates outgrowth by acting both as a proliferative cue and as a cell survival factor (Haraguchi et al., 2001; Perriton et al., 2002; Lin et al., 2009; Miyagawa et al., 2009a; Seifert et al., 2009a) . Temporally controlled deletions showed that the extent of genital tubercle outgrowth is determined by the duration of Shh signaling, with earlier removals resulting in more severe truncations (Lin et al., 2009; Miyagawa et al., 2009a; Seifert et al., 2009a) .
In addition to controlling proximodistal outgrowth, Shh is required for development of a closed urethral tube and for correct positioning of the urethral opening, as deletion of Shh up to E16.5 results in hypospadias, an ectopic opening of the urethra on the ventral side of the phallus (Lin et al., 2009; Miyagawa et al., 2009a; Seifert et al., 2009a) . If Shh is removed before E13.5, mutants also develop a persistent cloaca, in which the embryonic cloaca fails to subdivide into anorectal and genitourinary sinuses. Removal of Shh after E13.5 does not affect division of the anorectal and genitourinary sinuses, but does result in severe hypospadias, which causes the genitalia to appear feminized (Seifert et al., 2009a) .
Given that the genital tubercle consists of cells from endoderm, ectoderm, and mesoderm, which cells respond directly to Shh? Removal of Smoothened (Smo), which is required for activation of the hedgehog transduction pathway in response to hedgehog ligand, from either the genital mesenchyme or ectoderm disrupts genital development, whereas removal of Smo from the urethral epithelium has no effect on external genital morphology (Lin et al., 2009; Seifert et al., 2009a) . These studies show that Shh does not act in an autocrine manner on Shh-expressing cells of the urethra, which is consistent with the absence of Patched1 (Ptch1) expression in these cells (Perriton et al., 2002; Lin et al., 2009; Seifert et al., 2009a) . When Smo is removed from the mesenchyme, mice have severely underdeveloped genitalia and develop hypospadias (Lin et al., 2009 ). Removal of Smo from the ectoderm causes a loss of epithelial integrity ventral to the urethral plate, which results in an ectopic opening of the urethra along the ventral margin of the phallus (Seifert et al., 2009a) . Thus, Shh signals directly to ectoderm and mesenchyme of the genital tubercle, and activation of the hedgehog pathway in both tissues is required for normal development of the external genitalia.
Whereas the role of Shh in genital ectoderm is to maintain structural integrity of the surface epithelium overlying the urethra, its major role in the mesenchyme is to inhibit apoptosis and to stimulate cell proliferation (Fig. 3) . Shh promotes mesenchymal proliferation and tubercle outgrowth by controlling the duration of the cell cycle in the genital tubercle mesenchymal cells (Seifert et al., 2010) . Deletion of Shh causes the mesenchymal cell cycle to slow to almost half-speed, which leads to grossly underdeveloped genitalia. Specifically, in Shh conditional mutants, mesenchymal cells spend an extended period in G1-phase before progressing to S-phase, which causes total cell cycle time to slow from 8.5 to 14.4 hr (Seifert et al., 2010) . Shh directly and indirectly regulates several genes that govern cell cycle kinetics (Seifert et al., 2010) as well as pattern formation (Lin et al., 2009; Miyagawa et al., 2009a; Seifert et al., 2009a) . The dual role of Shh-specification of early pattern and subsequent elaboration of pattern by growth regulation-appears to be common to limb and genital development (Towers et al., 2008; Zhu et al., 2008; Seifert et al., 2010) . Given that integration of pattern formation and growth must occur for normal development of the limb and genital tubercle, this role of Shh may be necessary for outgrowth in many types of appendages.
The upstream regulation of Shh expression has been well characterized in the limb (Lettice et al., 2003; Galli et al., 2010) , but remains poorly understood in the genital tubercle. By contrast to the limb, in which Shh and Fgf8 maintain each other in a positive feedback loop, loss of Fgf8 in the genital tubercle does not affect Shh expression. Fgf8 expression in the distal urethra is reduced in b-catenin and Shh mutants, although the discovery that Fgf8 is not involved in genital development indicates that Fgf8 transcription is simply a readout, rather than a cause, of genital outgrowth (Seifert et al., 2009b) . Further analysis of Wnt gene function in early genital development should cast additional light on the interactions between specific Wnts and Sonic hedgehog.
POLARIZING THE GENITAL TUBERCLE
Like the limb, the genital tubercle is polarized along three axes (Fig. 1) . Both structures have proximodistal axes, but the top-to-bottom axis of the genital tubercle is referred to as dorsoventral rather than anteroposterior, and Shh is expressed ventrally (Figs.  1B,C, 3) . As a midline structure, the tubercle also has a mediolateral polarity that exhibits bilateral symmetry (Fig. 1B) . Differentiation of the erectile and connective tissues of the tubercle is organized around the urethral plate, which led Perriton et al. to suggest that the urethral plate could be a signaling region that confers polarity to the adjacent mesenchyme (Perriton et al., 2002) . Transplantation of urethral plate cells to the anterior margin of the limb bud induces mirror image duplication of the digits, and the resultant duplicated wings also develop an epithelial tube that resembles the urethra, complete with a surrounding mesenchymal condensation that differentiates into muscle (Perriton et al., 2002) . These experiments identified the urethral plate as an organizing region that can induce tissue polarity as well as epithelial tubulogenesis. It is important to note that these conclusions were based on transplantations of genital cells to the limb bud, and it remains unclear whether the urethral plate (or Shh) induces dorsoventral polarity in the genital tubercle itself. This question is further complicated by the multifunctional role of Shh in coordinating growth and pattern, as the truncations of Shh mutant genitalia have made it difficult to isolate a role in dorsoventral patterning from a role in outgrowth. Further experiments focusing on dorsoventrally restricted gene expression patterns and on the identification of additional signaling regions will be required to determine the mechanisms of dorsoventral patterning in the genital tubercle.
One aspect of dorsoventral patterning in which considerable progress has been made is closure of the urethral tube. Several pathways in addition to Shh have been implicated in urethral tube closure, including Fgf10-FgfR2, EphB2-EphrinB2, Hoxa13, and Dlx5/6 (Haraguchi et al., 2000; Morgan et al., 2003; Dravis et al., 2004; Petiot et al., 2005; Suzuki et al., 2008) . Two critical morphogenetic processes are involved in urethral tube closure; ventrolateral growth of the preputial swellings to form the prepuce (or foreskin) that (1) and to inhibit apoptosis (2). Shh signals directly to the ventral ectoderm to maintain the structural integrity of the epithelium (3), which is essential for maintenance of a closed urethral tube.
surrounds the glans (Fig. 2B) , and remodeling of the bilaminar urethral plate into an epithelial tube (Fig. 2C) . Hypospadias can occur when either of these processes is disrupted. FgfR2 is expressed in the ectoderm overlying the preputial swellings and in the urethral epithelium, and its ligand, Fgf10, is expressed in mesenchyme adjacent to the urethral cells. Detailed characterization of Fgf10 and FgfR2iiib knockout mice revealed that both urethral epithelial maturation and ventral growth of the preputial swellings fail to occur when this pathway is inactivated (Petiot et al., 2005) . FgfR2iiib mutants develop dorsal genital structures, but the ventral aspect of the genital tubercle is grossly underdeveloped, which suggests that ventral growth of the prepuce is required for development of a closed urethral tube.
Hoxa13 is expressed in the urethral plate and in the surrounding mesenchyme, and deletion of Hoxa13 also results in hypospadias (Morgan et al., 2003) . Of interest, Hoxa13 mutants exhibit decreases both in mesenchymal cell proliferation and in apoptosis of the urethral plate and mesenchyme (Morgan et al., 2003) . Hoxa13 also regulates transcription of Bmp7, which is expressed ventrally in the urethral plate, mesenchyme, and prepuce, and dorsally in the genital mesenchyme (Morgan et al., 2003; Wu et al., 2009) . Functional studies have implicated Bmp7 in the development of a closed urethral tube and elongation of the urethral plate, as well as septation of the cloaca (Wu et al., 2009) .
Analyses of the ontogeny of hypospadias in these mouse mutants raise the intriguing possibility that urethral tube defects may result from failure to maintain the ventral junction of the urethral plate, or its interface with the adjacent surface ectoderm. This suggests that cell adhesion is an important feature of urethral tube closure, particularly in light of the observation that the tube begins as a closed, bilaminar epithelial plate that has to open a lumen while maintaining epithelial integrity at the dorsal and ventral margins. It is interesting, therefore, that EphEphrin signaling has been found to be essential for development of a ventrally closed urethra, and appears to function specifically in epithelial cells of the cloaca and urethra (Dravis et al., 2004; Yucel et al., 2007) . Loss of either EphrinB2 or the receptors EphB2 and EphB3 leads to severe hypospadias and persistance of the cloaca (Yucel et al., 2007) . In addition, disruption of B-catenin or Smo activity in the ventral ectoderm results in loss of epithelial integrity and hypospadias (Lin et al., 2008; Seifert et al., 2009a) .
Most of the aforementioned pathways are active in multiple cell types within the genitalia, and while knockouts have been important for identifying genes with roles in genital tubercle development, their complex expression patterns have made it particularly challenging to interpret the underlying cause(s) of the phenotypes. For a gene that is expressed in the urethral plate and prepuce, like FgfR2iiib, global deletion makes it impossible to determine whether the hypospadias results from loss in one or both of these cell types. As the field progresses, spatially and temporally controlled deletions, as well as localized gain of function experiments, will be important for dissecting the mechanisms of dorsoventral patterning, including urethral tube closure.
LOCAL RESPONSES TO GLOBAL CUES: THE ROLE OF SEX STEROIDS
Androgens and estrogen are typically associated with sexual differentiation of the genitalia and secondary sex characters. Patterning of genital tubercle appears to be under similar genetic control in males and females until approximately E15 in the mouse, when the first signs of sexual differentiation of the external genitalia are seen. It is well known that disruption of androgen signaling can result in feminization of male genitalia, and excess androgen can cause virilization of the female genitalia. Clinically, the former often results in hypospadias or micropenis, whereas the latter can present as cliteromegaly or pseudo-phallus. Complete or partial sex reversal of the genitalia is often part of a condition known as intersex, which can result from mutations in sex steroid pathway genes, exposure to environmental endocrine disruptors, or can arise as secondary effects of other congenital anomalies such as congenital adrenal hyperplasia (CAH), in which the adrenal produces excess levels of androgen.
Androgens (testosterone and dihydrotestosterone) and estradiol signal by means of androgen receptor (AR) and estrogen receptors (ERa and ERb), respectively. When activated by ligand-binding, ER and AR translocate from the cytoplasm to the nucleus, where they can bind DNA directly to affect transcription of target genes. Molecular phylogenetics show that all members of the steroid receptor (SR) family, which includes AR, ERa and ERb, mineralocorticoid receptor (MR), glucocorticoid receptor (GR), and progestagen receptor (PR), evolved from a single ancestral SR gene that was present in the common ancestor of protostomes and deuterostomes and was ER-like in its structure and function (Eick and Thornton, 2011) . Although the longstanding dogma is that the sexually indifferent genital tubercle is masculinized by androgens and that feminization is a default state that occurs in the absence of androgen activity, recent studies of ER mutants have falsified this hypothesis. Homozygous null mutants for ERa have an elongated clitoris that contains a bone (os clitoris) several times longer than that of wild-type females (Yang et al., 2010) . Thus, in the absence of ERa activity, female external genitalia are partially masculinized, suggesting that estrogen is required for inhibition of clitoral growth in females. This raises the intriguing possibility that basal levels of androgen in females can lead to masculinization of the genital tubercle, and estrogen is required to counter the influence of androgen.
Mutations in the androgen receptor (as in the testicular feminization or Tfm mutation), by contrast, cause feminization of the external genitalia, such that Tfm mutant male genitalia are indistinguishable from wild-type female genitalia (Yang et al., 2010) . Mutations in the gene that encodes 5a-reductase 2 (SRD5A2), which converts testosterone to dihydrotestosterone, also disrupt masculinization of the genital tubercle and cause defects ranging from hypospadias and micropenis to complete feminization of the external genitalia (Sinnecker et al., 1996) . Together these results suggest that the balance of androgens to estrogen is a critical factor in determining sexual differentiation of the genitalia.
Little is known about the interactions between these systemically circulating hormones and the locally expressed genes involved in patterning of the genital tubercle, yet the phenotypes that result from disruption of sex steroid signaling are consistent with these factors regulating genes that control cell proliferation, apotosis, tubulogenesis and cell adhesion. Although the developmental genetics of external genitalia are only beginning to be understood, evidence that sex steroid receptors can regulate the genetic pathways that govern pattern formation is already emerging. Petiot et al. showed that FgfR2, which is essential for urethral tube closure, contains an androgen response element in its promoter, and antagonism of AR results in downregulation of FgfR2 in the urethral plate and prepuce (Petiot et al., 2005) . Thus, loss of FgfR2 function either by genetic mutation or by disruption of endocrine signaling results in a similar phenotypic outcome, hypospadias. Lorenzo et al. found that culturing female genital tubercles with DHT, which virilizes the genitalia, also upregulates EphrinB2 (mutations in EphrinB2 lead to hypospadias; Lorenzo et al., 2003) . The Wnt pathway is also susceptible to regulation by sex steroids. For example, Dkk2, a Wnt antagonist, can be negatively regulated by testosterone and up-regulated by antiandrogen treatment (Miyagawa et al., 2009b) . These examples highlight the potential for hard-wired genetic pathways to be influenced by sex steroids, opening new avenues for the modulation of pattern formation by systemic factors. Therefore, mutations in developmental control genes or their cis regulatory elements are not required to alter their expression patterns during external genital development. Indeed, it seems likely that the same phenotypes (e.g., hypospadias) can be induced either by exposure to endocrine disrupting chemicals or by mutations, but the former may leave no genetic signature. It will be interesting to take these lessons back to the limb and investigate whether the gene networks that pattern the limb bud are susceptible to regulation by systemic and environmental endocrine signals.
Although progress in external genital development owes much to studies of the limb, the emerging picture is that the parallels between these appendages are not as extensive as initially suspected. Given what we now know about the role of endoderm in external genital development, this complex structure may have more in common with the gut than with the limb.
